I. Abstract-This paper proposes an optional coding scheme for SpaceWire in lieu of the current Data Strobe scheme for three reasons. Firstly, to provide a straightforward method for electrical isolation of the interface; secondly, to provide ability to reduce the mass and bend radius of the SpaceWire cable; and thirdly, to provide a means for a common physical layer over which multiple spacecraft onboard data link protocols could operate for a wide range of data rates. The intent is to accomplish these goals without significant change to existing SpaceWire design investments.
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The ability to optionally use Manchester coding in place of the current Data Strobe coding provides the ability to DC balance signal transitions, unlike the SpaceWire Data Strobe coding; and therefore the ability to electrically isolate the interface without additional concerns.
Additionally, because the Manchester coding scheme encodes the clock and data on the same signal, the number of wires in the existing SpaceWire cable could be reduced by 50%. This reduction could be an important consideration for many users of SpaceWire as indicated by the effort currently underway by the SpaceWire working group to reduce the cable mass and bend radius by elimination of shields. Reducing the signal count by half would provide even greater gains.
It is proposed to restrict the data rate for the optional Manchester coding to a fixed data rate of 10 Megabits per second (Mbps) in order to simplify the necessary changes and still able to operate in existing radiation tolerant Field Programmable Gate Arrays (FPGAs). Even with this constraint, 10 Mbps will satisfy many applications where SpaceWire is used. These include command and control applications and instrumentation applications with moderate data rate requirements. 
III. INTRODUCTION
Developers of spacecraft using SpaceWire have expressed concern with the inability to electrically isolate the physical interface without possibility for voltage build-up of the signal, resulting in failure of the interface [1] . This is because the SpaceWire Data Strobe (DS) line coding does not have an equal distribution of ones and zeroes over time; i.e., it is not a Direct Current (DC) balanced signal.
Another concern expressed for potential users of SpaceWire is the bend radius and the mass of the cable specified in the original SpaceWire standard [2] , ECSS-E-50-12A. Both of these concerns are being addressed by efforts by the SpaceWire working group, but with solutions that are very different than the original SpaceWire standard, which would impede incremental improvements to existing SpaceWire designs, necessary to preserve the cost of the investment.
A simple solution to address these concerns for many applications under 10 Megabit per second (Mbps) would be to modify the line coding portion of SpaceWire design to encode both the clock and data on the same signal. This would halve the number of wires for the interface and provide for a DC balanced line encoding so that electrical isolation could be achieved. The resulting physical interface consisting of a differential pair in both directions may also be used with other DC balanced line coding schemes, such as 8b/10b, so that the interface may be shared with multi-gigabit per second (Gbps) applications or SpaceWire-Real Time (SpaceWire-RT), a new SpaceWire specification that uses 8b/10b line code. For implementations that use a Field Programmable Gate Array (FPGA), this allows hardware to be independent of the data link protocol used.
IV. ORIGINAL SPACEWIRE CODING SCHEME
The original SpaceWire encoding scheme is Data Strobe (DS), which has several advantages over other encoding schemes because it is simple to implement and provides a variable data rate without negotiation between transmitter and receiver.
A major advantage is that the DS decoding circuit is a trivial asynchronous implementation.
Because of the asynchronous recovery of the DS received clock, the NASA SpaceWire implementation can decode a bit stream that is two and a half times faster than the decoder's local oscillator. This has been an important consideration for flight applications where an asymmetrical link is used, i.e., where data is received faster than it is transmitted. Another scenario is where the SpaceWire implementation is in a one-time programmable FPGA that does not contain clock multiplier circuitry necessary for oversampling and clock resynchronization for high rate data.
Another advantage of the DS encoding is that the frequency components of the two signals (Data and Strobe) are half the frequency of the transmitted bit rate, which results in lower Electro-Magnetic Interference (EMI) emissions when compared to traditional clock and data schemes.
Lastly, unlike the traditional clock and data transmission schemes, DS encoding has a whole bit period of clock to data skew margin versus a half-bit period for the traditional clock and data scheme because the clock is recovered at the receiver by an exclusive OR (XOR) operation.
These advantages have been important and will remain important considerations for spacecraft onboard network designs.
However, there are other considerations and applications (described later) that require a trade-off analysis at the system level, and these include electrical isolation of the interface, cable mass, and bend radius for applications where 10 Mbps is sufficient bandwidth. When applicable, it would be beneficial for system engineers to be able to make decisions on a link-by-link basis depending upon what considerations are important for the particular function. This would be possible, if an optional minimal encoding scheme like Manchester is utilized.
V. MANCHESTER ENCODING OPTION FOR SPACEWIRE
This paper proposes that the SpaceWire working group consider the standardization of an optional Manchester line encoding scheme for SpaceWire for the reasons stated previously.
The Manchester scheme encodes the clock and data over the same signal and therefore reduces the number of wires by half when compared to the original SpaceWire DS encoding scheme. It also is a DC balanced signal so the interface may be easily isolated with either a transformer or in-line capacitors.
Inherent to Manchester codes, it always performs a mid-bit period signal level transition to indicate the logic value. The logic value is encoded by the direction of the level transition, either high-to-low or low-to-high transition, to encode either a logic one or zero depending upon the particular Manchester code.
Manchester codes also have a level transition at the beginning of the bit period if the previous logic value (bit) is the same as the current logic value. However, if the current logic value is different than the previous logic value, there is no signal level transition at the beginning of the current bit period.
The trick is to determine which transition is the beginning of a bit period or a mid-bit transition. The Manchester decoding is trivial to accomplish for a moderate fixed data rate (10 Mbps) application in a typical rad-tolerant FPGA without clock multiplier circuitry.
Popular protocols that use Manchester codes are MIL-STD 1553, which uses Manchester II Bi-Phase L coding at a low data rate of 1MHz and 10Base-T Ethernet (802.3), which uses a Manchester code at 10MHz. MIL-STD-1553 and 10Base-T Ethernet use Manchester codes that have opposite voltage levels.
The key advantage with SpaceWire using a Manchester option have over MIL-STD-1553 and 10Base-T Ethernet is that is has 10 times the bandwidth of MIL-STD-1553, and it is a simpler and less complex protocol with a smaller packet header compared with 10Base-T Ethernet.
Additionally, the Manchester encoded SpaceWire option will provide for a single network protocol to unify the other existing SpaceWire options, which include, SpaceWire-RT and SpaceFiber (multi-Gbps protocol) that may be run over copper (instead of fiber) as well as the original SpaceWire.
Either Manchester coding options could be adopted by the SpaceWire working group.
VI. USE CASES
The primary use cases for the SpaceWire Manchester code option would be for those applications that only need 10 Mbps of bandwidth and require an electrically isolated interface. In addition, Manchester coding would be suitable for applications where the routing of the electrical harness is challenging because of space constraints and a need for a thinner cable that provides a tighter bend radius (assuming the bandwidth requirement of less than 10 Mbps is acceptable).
The electrical isolation may be required to prevent the destruction of a Low Voltage Differential Signal (LVDS) transceiver. This could occur by the propagation of a failure through an intermediate shared cross-strapped connection for a critical function because of a power supply failure in another unit.
Other possibilities are to prevent a latent electrical failure due to an Electrostatic Discharge (ESD) event, or to increase the margin for common mode voltage range of the transceiver, or to reduce the signal noise back to the connecting system that is sensitive to conducted noise.
These applications are directly applicable for the implementation of the NASA SpaceAGE Bus electrical interface specification.
The SpaceAGE Bus is an electrical specification to connect board level components within an avionics box [3] . Unlike the traditional backplane, the SpaceAGE bus defines point-to-point electrical interfaces to integrate avionics board level functions by cabling together mechanical card frame enclosures that house electronics boards to form avionics box functions. The SpaceAGE Bus defines a complete set of physical interfaces that are independent of protocol, including communication, clock, analog, power, and more, that are typical for space avionics backplanes.
The rationale for SpaceAGE Bus is to reduce the nonrecurring Engineering (NRE) development of avionic systems through the elimination of "glue" elements such as backplane, low voltage power supply (LVPS) and mechanical chassis that change depending upon the number and arrangement of electronic board functions. Because the SpaceAGE Bus board level functions have electrical interfaces that are isolated, network attached with primary power input, they are like independent boxes themselves, and allow for new configurations to be easily connected together with greatly reduced NRE. This is one reason why the standardization of a common physical layer, independent of protocol is important for NASA, because one set of interfaces can be used for a wide range of requirements.
For example, spacecraft onboard communications have numerous differing requirements from kilobit per second (kbps) data rates up to Gbps data rates depending upon their application. Examples of kbps applications include board functions that control power for heaters or solenoid position values for propellants, to low rate telemetry collection of temperature and other engineering data, etc. Examples of Gbps applications include memory operations between a processor and a high data rate instrument or a Solid State Recorder (SSR); or from SSR to a Digital Signal Processor; or high-rate down-link from SSR to a downlink function, etc.
VII. IMPLEMENTATION CONSIDERATIONS
The data rate required for an application's SpaceWire link will determine the technologies necessary to implement the SpaceWire protocol. The Manchester encoder function is a straightforward implementation that only involves the Exclusive-Or (XOR) Boolean function of the clock and the data represented as non-return-to-zero (NRZ).
The decoder for the Manchester code, however, requires oversampling of the encoded waveform and comparison to known synchronization value (SpaceWire NULL character) to acquire the bit period boundaries and the mid-period transition used to reconstruct the NRZ data.
Because of the fixed 10 Mbps data rate for the SpaceWire Manchester coding option, the implementation is straightforward for clock frequencies typical for a rad tolerant FPGA without clock multiplier circuitry. This is significant because low complexity and design heritage are key considerations for many electronic board functions for spacecraft command and control electronics, which perform actuator functionality and low rate housekeeping data telemetry collection. These types of functions are typically redundant and the isolation of the electrical interface is an important consideration for crossstrapped redundancy. Additionally, many instrument functions require less than 10 Mbps bandwidth, and this reduces the complexity for their data link protocol implementation as well.
Since the SpaceWire protocol requires the link to start-up at 10 MHz, there is no change of frequency for the Manchester encoding option, which also simplifies the implementation.
There are many publications for how to decode Manchester encoded data. The focus here is using radiation tolerant FPGAs that NASA typically uses. This would necessitate performing the Manchester decoding without clock multiplier circuitry.
One Manchester decoder method that requires very few flip-flops and logic gates uses a decoder local clock that is asynchronous to the received Manchester waveform. This implementation requires a nominal eight times (8x) clock of the received data rate, but the receiver local clock may be as low as five times (5x) clock, but no more than twelve times clock (12x) [4] . This method also filters out edges after a valid transition is detected, minimizing the effects of noise on the signal. Since 10 MHz is selected, an 80 MHz oscillator is well within the margin of a radiation tolerant FPGA without clock synchronization logic [5] .
There are additional Manchester decoding options, including one that utilizes additional logic but uses the same decoder clock (10 MHz) as the receive data rate to create four phases with which to sample the received Manchester data [6] [7] . Even though it implements a lower clock frequency and it has a good tolerance toward input jitter and receiver/transmitter frequency mismatch caused by oscillator tolerance differences, it is significantly more complex than the previously described circuit and requires more logic.
The SpaceWire specification allows the 10 Mbps receive data to be +/-1 Mbps (or from 9 Mbps to 11 Mbps), both of these previously described decode methods support this difference in frequency but the eight times (8x) implementation maintains lock easier and is the method simulated for the NASA application.
Still, there are numerous other methods for decoding Manchester waveforms with and without clock synchronization logic and the implementation details described above were provided as a cursory survey of options.
VIII. PRESERVATION OF SPACEWIRE INVESTMENT
The decoding schemes referenced previously are sufficient to decode SpaceWire Manchester encoding at a fixed 10MHz without the use of a clock multiplier. Regardless of how the Manchester decoder is implemented, the important part is that the heritage of existing SpaceWire designs can be preserved. Because the changes required implementing the Manchester encoding only involve the signal layer of the SpaceWire specification (where the encoding is specified), the remainder of the SpaceWire design may stay the same.
For many users, like NASA, this is an important consideration as millions of dollars of NRE have been expended across multiple missions to develop, debug, and refine the SpaceWire design, including verification environments and test equipment. For example, the NASA SpaceWire design heritage spans over a decade with the missions of Swift, JWST, LRO, LCROSS, GOES-R, MMS, and GPM. Additionally, the NASA SpaceWire design has been provided to well over 100 companies, and much feedback has been received concerning problems which have been fixed throughout this time, adding additional value to the design. This makes it compelling and difficult to completely abandon the existing SpaceWire design for new solutions that are not incremental in nature.
IX. SPACEWIRE CORRECTIVE EFFORTS
The SpaceWire working group has also been exploring solutions to fix SpaceWire, especially in the Quality of Service (QoS) realm to prevent blocking on the network. The solution has the side effect of providing a DC balanced line code, which could be used to electrically isolate the SpaceWire interface. This new protocol called SpaceWire-RT [8] , uses an 8b/10b line coding that is used by most multi-Gbps protocols. However, SpaceWire-RT is intended for SpaceWire data rates of 2 to 200 Mbps. The problem with this approach is that it discards the design investments accumulated with the original SpaceWire design and, in its place, proposes a more complex and larger design solution within a typical rad tolerant FPGA when compared the Manchester option. It is therefore not viewed as an incremental approach in the near term. It does however; provide a means to define a common interface for a wider range of data rates, i.e., interfaces that both the multiGbps SpaceFiber and SpaceWire-RT can utilize. SpaceWire-RT is seen by the authors as a long term solution, and one where additional complexity can be accommodated and where new design investment is acceptable.
Independently, the SpaceWire working group have also been working on defining a lower mass SpaceWire cable, which will also reduce the bend radius by the elimination of some shields [2] .
These are important efforts. It is the position of the authors that an incremental approach to change that maintains as much backward compatibility to the original SpaceWire to be a more practical solution, especially given how difficult it is to insert new technologies into missions because of the risk adverse posture of space mission projects.
X. SUMMARY
This paper presented an incremental design approach option to improve SpaceWire, yet leverages most of existing FPGA based SpaceWire designs for moderate data rate applications that require electrical isolation. It also describes an additional way to further reduce the mass and bend radius of the SpaceWire cable for applications that are tight on space. Additionally, it provides a means to specify a common physical layer and which could work with any protocol that uses a DC balanced line code, such as 8b/10b (used for multiGbps protocols). Overall, this approach provides options for system engineers to optimize system level designs.
